(Submitted for publication March 21, 1963; accepted June 13, 1963) The mechanism of action of glucocorticoid in the kidney has been the subject of much speculation. Few studies with these agents, however, have been reported that help elucidate their apparently paradoxical effects of sodium retention, initially, in normal subjects (1, 2) and marked diuretic potentiation in many patients with fluid retention (3) (4) (5) (6) . Thus their mechanism of action has remained unknown, owing in part to the inability of investigators to demonstrate acute renal effects of these agents in subjects with intact adrenals. Careful studies on the effects of chronic administration have been done, but specific interpretation has been difficult because many variables of renal function cannot be continuously followed over extended periods (3, 7) .
While natruresis has been observed in some patients with fluid retention who were given glucocorticoid alone (4, 6) , an increase in urine volume without accompanying increase in sodium excretion was observed by Kessler, Hilton, and Levy (3) and Morrison and Chalmers (5). Kessler and associates showed an increased ability to excrete free water during a water load in their patients during treatment with glucocorticoid (3) . Careful studies indicate that changes in antidiuretic hormone release (8) are not the primary explanation of the effect on water excretion (7, 9) . and therefore the mechanism appears to be on the kidney.
The present studies were designed to localize the primary site of action of glucocorticoids in the kidney. Since potentiation of diuresis is marked * Investigation supported by U. S. Public Health Service grants H-4789, H-2324, and A-2334. in cirrhotics, patients with cirrhosis on a low-salt diet were studied. The data indicate that these agents given acutely cause increased reabsorption of sodium in the ascending loop of Henle, a segment of the tubule that is relatively impermeable to water, and thus increase the capacity of the kidney of these patients to conserve free water.
METHODS
Chronic and acute studies of several types were done in a group of 16 patients with cirrhosis of the liver of varying severity associated with chronic alcoholism. None of the patients gave a history of renal disease, and all had a normal urinalysis, nonprotein nitrogen, and serum creatinine concentration.
For clarity, the protocols of each type of study are given with the results. The following measurements and chemical determinations were made: body weight, urine volume, and urine and plasma sodium, potassium, and osmolality. Maximal urine osmolality (Umax) was obtained after overnight dehydration and im vasopressin tannate in oil at bedtime. Negative free water clearance (TCH2o) was determined by inducing osmotic diuresis with 10% mannitol and aqueous Pitressin (vasopressin).
Clearance of inulin (C1n) was determined during the rapid mannitol infusion after a priming dose of inulin. At least three collection periods were obtained and averaged.
Urine and plasma osmolality were determined with a Fiske model B cryoscopic osmometer. Sodium and potassium concentrations were determined with a Baird model DB-4 flame photometer. Inulin was determined by the resorcinol method for fructose of Bacon and Bell as modified by Higashi and Peters (10) . Mannitol was determined by the method of Corcoran and Page (11) . Total solute clearance (C.m.) was calculated from the formula Cosm = (Uosm/Posm)V. (Uosm = urine osmolality, Posm = plasma osmolality, V = rate of urine flow.) TcH2o was calculated from the formula TCH20 = Cosm-V.
PROTOCOLS AND RESULTS
Chronic studies. Three patients were observed on a metabolic ward for 22 1) Four patients were studied during an iv infusion of 10%o mannitol at a steady rate of either 80 or 120 drops per minute. Urine was collected every 15 to 30 minutes, and blood was obtained during these intervals. After 2 to 2j hours, each patient was given 40 mg of iv methyl prednisolone, and urine and blood collections were continued for at least 2j hours. The rate of infusion was subsequently increased to obtain urines over a larger range of Coom. On a previous day, osmotic diuresis had been induced in each patient with 10%o mannitol to obtain control values of Uoom and sodium excretion (UNaV) over a wide range of CoSm.
The effects of iv methyl prednisolone were consistent in the four patients studied according to this protocol, in which TCHI0 was measured on two Table I ). Plasma mannitol levels were still rising when the drug was given, and since the clearance of mannitol (Cman) did not change significantly during these studies, Cosm continued to rise also, following methyl prednisolone. Values for Uosm and UNaV were compared with values obtained during a control mannitol infusion. Uosm (and therefore TCH2o) was always higher for a given Cosm after the drug than during the control mannitol infusion without methyl prednisolone on a previous day. Sodium excretion was always lower.
2) A group of ten patients was studied by the same protocol as in A, above, except that a priming infusion of 500 ml of 10%o mannitol was given at 25 to 30 ml per minute before a steady infusion at 80 drops per minute was started. In order to ensure a relatively steady state, the steroid was given only after the urine osmolality, measured during the procedure, appeared to be stabilized.
Three of the patients (no. 14, 15, and 16) were used as controls, and no steroid was given as the infusion continued. Patients 12, 13, and 16 were in remission after previous episodes of jaundice and ascites. Liver function tests in these patients were normal, and there was no evidence of fluid retention. The other patients studied acutely had evidence of active liver disease and fluid retention.
With this protocol, relatively constant serum and urine mannitol levels were obtained on the same day, before and after methyl prednisolone (Figures 6, 7 , and 8, Tables II and III) . Since Cosm did not rise significantly after methyl prednisolone was given, the effects of the agent could be observed independently of substantial changes in Cosm.
All patients given steroid showed a decrease in sodium excretion (Tables II and III (Figure 8) .
No significant effect on potassium excretion was noted under the conditions of this experiment (Table III) * Values used for the control periods were the means of collections from 0 to 60 minutes before the drug was given. Values for MP were the means of collections from 60 to 120 minutes after the drug. 0.13 (1 SD) for 60 clearance periods measured of solute excretion, was excreted at a constant in the eight patients.2 rate in these experiments, Cosm remained relatively Since mannitol, which accounted for 60 to 80% constant throughout the studies (Tables II and  2 Corcoran and Page reported a Cman: C,. ratio equal III). A small decrease in Csm was sometimes to 0.92 (11) . These clearances, however, were presum-noted when a pronounced increase in sodium ably carried out with a considerably smaller filtered load reabsorption was produced, or when Cman of mannitol.
diminished.
No significant change in Cman (or C1, when measured) was noted after methyl prednisolone (Table III) . In most patients, Cma,, fell slightly after drug administration; however, a similar fall was also noted during a rapid mannitol infusion in control experiments where no steroid was given, and it therefore was probably unrelated to steroid (Figure 8 ).
DISCUSSION
Methyl prednisolone increases the maximal ability to conserve free water in patients with cirrhosis of the liver on a low-salt diet. This improvement as measured by changes in TCH2O formation was consistently observed after both acute and chronic administration of the drug. These findings are consistent with data reported in saltrestricted dogs exhibiting a decreased TCH2O (12) . In these dogs, acute and chronic glucocorticoid administration was also associated with increased TCH2O formation (12) . While chronic administration was associated with a mild sodium diuresis in the present study, acute administration was always associated with substantial sodium retention and no change in potassium excretion.
[These findings contrast with the findings of increased potassium excretion, no change in TcH201 and increased sodium reabsorption when d-aldosterone is given under the same acute experimental conditions (13) .] It appears likely that the attempt to demonstrate sodium retention during these acute studies was successful because large quantities of sodium were delivered by osmotic diuresis from the proximal to the distal nephron where glucocorticoids appear to act. The slight natruresis noted with chronic steroid administration is difficult to evaluate, since one does not usually observe this finding in patients with fluid retention when these agents are given alone (3, 5) .
Frequent administration of Pitressin and mannitol during chronic steroid administration may have affected the 24-hour data. Furthermore, interpretation of chronic studies is difficult, since numerous parameters of renal function cannot be continuously followed.
The associated findings of sodium retention and increased TCH20 formation, when the drug is given acutely, could be explained, according to current concepts of renal physiology, by postulating that glucocorticoids act primarily to increase sodium reabsorption in the ascending loop of Henle, a segment of the tubule relatively impermeable to water. By enhancing delivery of sodium to the medullary interstitium, the hormone thus could contribute to the extraction of more solute-free water from the collecting duct.
An alternate hypothesis is that there is a direct effect of this agent on the collecting duct to increase water permeability. If this were so, it would be necessary to explain the decreased sodium excretion observed in these present experiments by an independent action. Since available data suggest that fluid in the collecting duct reaches osmotic equilibrium with fluid in the surrounding medullary interstitium, an effect of glucocorticoid on permeability could alter water reabsorption only if there were decreased collecting duct permeability in these patients. Goldsmith and associates have postulated such a defect in saltrestricted dogs (12) . It does not appear likely, however, that glucocorticoids act by increasing collecting duct permeability, since other studies have shown that in the hydrated state, glucocorticoids produce more free water excretion, suggesting that these agents render the tubule less permeable to water (3, 7, 14) .
A decrease in medullary blood flow might also account for increased TCH2O formation by leading to further sodium trapping in the medulla. Decreased medullary blood flow is not known to increase sodium reabsorption, so that in this case also, two independent actions would be required for this explanation. While this study does not rule out either alternative hypothesis, both seem less likely than the initial one presented, since this latter hypothesis could explain both sodium retention and increased TCH20 formation.
The findings of increased Umax and TCH20 with chronic methyl prednisolone administration correlate well with the acute findings. While it is reasonable to assume that the mechanism responsible for the acute action is at least partially responsible for the rise in TCH2o and Umax with chronic drug administration, other factors may well contribute. Four of the patients studied were in apparent complete remission of their disease. Since their response to glucocorticoid was similar to the response of the other patients, the data suggest that the findings reported are not restricted to patients with active cirrhosis. Nevertheless, it cannot be stated whether the mechanism responsible for the production of increased TCH2O in these salt-restricted subjects was also responsible for the same findings reported with glucocorticoid in salt-restricted dogs (12) . It is also not clear from the data presented whether dietary salt restriction per se, which has been reported to decrease TCH2O formation in normal man (15) , is related to the action of glucocorticoid described above.
The postulated action of glucocorticoids in the ascending loop of Henle would at least in part explain the increased ability of patients with fluid retention to excrete free water after a water load (3) and may be related to other diuretic effects of these agents.
SUM MARY
Methyl prednisolone, given acutely to eleven patients and over a period of 8 days to three patients with cirrhosis of the liver, consistently increased TCH2O formation. This effect, when the drug was given acutely, was associated with decreased sodium excretion and no change in potassium excretion.
The data are interpreted to indicate that the primary effect of this agent is to increase sodium reabsorption in the ascending loop of Henle. By enhancing delivery of more sodium to the medullary interstitium, the hormone contributes to the extraction of more solute-free water from the collecting duct in the presence of a maximal antidiuretic hormone stimulus.
